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Abstract

Modification of soybean hulls with citric acid (CA) improves the metal ion binding capacity of the hulls. A process

for this modification has been developed. However, the process must be optimized for it to be cost effective. In this

regard, the objectives of this study were (1) to develop a wash procedure to remove non-reacted or residual CA after

soybean hull modification in order to maximize the amount of non-reacted acid removed, but minimize the subsequent

effect on the product’s ability to adsorb copper ion (Cu2�), and (2) to determine whether recycling non-reacted acid in

the modification process, along with unused acid, can produce a product with similar copper ion adsorption compared

with the use of unused acid only. To meet these objectives, an effective water washing procedure was developed to

remove the residual CA associated with the modified soybean hulls. This washing procedure included removal of non-

reacted acid, evaporation of excess water to the original volume of acid solution used, and addition of unused CA to

reconstitute the solution to its original molarity. Reconstituted CA solutions prepared in this manner were used through

three cycles of soybean hull modification. The effectiveness of the reconstituted CA to modify soybean hulls after each

cycle was measured by the modified hulls ability to bind copper ions in solution. After three reaction cycles, there was a

7% reduction in copper ion adsorption. In general, two water wash cycles were necessary to remove sufficient non-

reacted CA so that metal ion binding of the hulls was not affected, and the use of residual CA to modify soybean hulls

can be successfully accomplished with only a small reduction in copper ion binding.
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1. Introduction

Soybean hulls are a by-product of soybean

processing and occur in great abundance on an

annual basis. In crop year 2001, 6.3 billion kg of

hulls were produced in the US (Agricultural

Statistics, 2002). Most of the hulls are used in

animal feed as a low value additive. This under-

utilized by-product could be converted to products

of greater value, such as adsorbents, that can be

used for the removal of metal ions from water and

wastewater streams. Several published studies have

shown the utility of soybean hull modification for
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the enhancement of their metal ion-adsorbing
properties (Laszlo, 1987; Laszlo and Dintzis,

1994; Marshall and Champagne, 1995; Marshall

and Johns, 1996; Marshall et al., 1999).

A process has been developed to substantially

enhance the metal ion binding properties of

soybean hulls by modification with citric acid

(CA) (Marshall et al., 1999). This process has

been examined in terms of the characteristics of
the final product, such as metal ion binding and

attrition, and comparisons were made to commer-

cial cation exchange resins (Marshall et al., 2000,

2001a) and in terms of the modification process,

such as modification of agricultural by-products

other than soybean hulls (Wartelle and Marshall,

2000) and a process description with concomitant

product cost (Marshall et al., 2001b).
In an attempt to scale-up the modification

process based on our laboratory findings, we

recognized that the recovery and reuse of non-

reacted CA was of paramount importance because

CA was determined to be the most costly compo-

nent in the process and its use had to be conserved

(Marshall et al., 2001b). While general scale-up

conditions were defined by Marshall et al. (2001b),
the conditions necessary for removal of non-

reacted CA and data on the modification of

soybean hulls with recycled acid were not deter-

mined.

The objectives of this study were to develop a

wash procedure to maximize the removal of non-

reacted CA from modified soybean hulls to

develop a product with maximum metal ion
adsorption, and to determine whether non-reacted

acid could be combined with unused acid and

reused to modify hulls without a decrease in metal

ion adsorption.

2. Materials and methods

2.1. Materials

Soybean hulls were supplied by Owensboro

Grain Company (Owensboro, KY). Reagent grade

CA was purchased from Sigma Chemical Com-

pany (St. Louis, MO). Other chemicals were also

purchased as reagent grade.

2.2. Methods

Soybean hulls were sieved to retain the 10�/20

mesh (2.00�/0.85 mm) fraction and used without

further treatment.

2.2.1. Preparation of CA-modified soybean hulls

Approximately 100 g samples of soybean hulls

were reacted with 0.6 M CA in 190 mm�/100 mm

crystallization dishes. The modification procedure

of Marshall et al. (2001b) was used, where the hull-

acid slurry was reacted for 1.5 h at 120 8C, then

washed by an ‘agitation’ procedure, where the

agitation procedure used various conditions of

water temperature and different water:hull ratios

as described later. The washed, modified hulls

were dried at 60 8C for 16 h and used for analysis

of Cu2� uptake. The moisture content of the dried

hulls was normally 5�/8%.

2.2.2. Removal of non-reacted CA

Modified hulls (100 g) were transferred to 4 l

beakers containing either 2 l of water, for a

hull:water ratio of 1:20 or 4 l of water, for a

hull:water ratio of 1:40. Samples at both hull:water

ratios were heated to either 40 or 60 8C on a

hotplate. Because ambient temperature was about

25 8C, samples designated 25 8C were washed at

room temperature. The samples were stirred with

an overhead stirrer for 15 min, maintaining the

specified temperature. The slurries were vacuum

filtered in a Büchner funnel (Whatman #4 filter

paper) and the wash water was saved. The wet

hulls were then transferred back to the beakers for

additional wash cycles at the specific water:hull

ratio and wash temperature until a total of five

wash cycles were completed. A 2 g sample of hulls

was taken after each wash cycle and dried at 60 8C
for evaluation of copper ion adsorption. The

washes from each cycle were saved as separate

samples and kept at 80 8C until all water had

evaporated. The residues in the beakers were then

weighed. The hull samples were dried at 60 8C to a

moisture content of 5�/8%.

W.E. Marshall, L.H. Wartelle / Industrial Crops and Products 18 (2003) 177�/182178



2.2.3. Reuse of non-reacted CA for reaction with

unwashed soybean hulls

For experiments involving reuse of non-reacted

CA, 7.5 g of unwashed soybean hulls were treated

with 50 ml of 0.6 M CA and allowed to imbibe the

solution for 30 min. The hulls were dried at 60 8C
for 2 h. The hulls were then reacted at 120 8C for

1.5 h. At this point, the modified hulls were water

washed employing the agitation method at 25 8C
using a hull:water ratio of 1:40. These conditions

were repeated a total of four times. The residues

from each of the five water washes were evapo-

rated at 80 8C to dryness. The residue contained

approximately 80% CA that had not reacted with

the hulls. The weight of the residue was recorded

and crystalline CA was added to the residue and

diluted to 50 ml to reconstitute the solution to 0.6
M. This solution, which contained both reclaimed

and unused CA, was used in a reaction with a fresh

sample of hulls. This process was repeated a total

of three times. After treatment with either the

original CA solution or with solutions containing

both unused and reclaimed acid, the modified hulls

were dried at 60 8C to a moisture content of 5�/8%

and taken for Cu2� adsorption.

2.2.4. Copper ion adsorption

The copper ion adsorption procedure described

by Marshall et al. (1999) was used in this study. A

Leeman Labs Profile dual-view Inductively

Coupled Plasma spectrometer (Leeman Labs,

Inc., Hudson, NH) was used to analyze copper

remaining in solution at 324.754 nm in axial mode.
The amount of copper adsorbed per gram of hulls

was determined on a dry weight basis.

2.2.5. Statistical analysis

Data were analyzed (duplicate determinations)

by an analysis of variance using Tukey’s multiple

comparison test (Sokal and Rohlf, 1995) to

compare mean copper ion adsorption values of

CA-modified hulls exposed to different wash
treatments and reuse conditions. Dunnett’s proce-

dure (Walpole and Myers, 1989) for comparing

treatments to a control was used to compare the

effect of recycling CA to a sample modified with

no reused acid. Significant differences in mean

values were maintained at a�/0.05.

3. Results and discussion

3.1. Removal of excess CA

Our original modified hull wash procedure

(Marshall et al., 1999) used about 200 ml of

wash water per gram of modified hulls and

normally only 3 g of hulls were washed. The hulls

were given four or five separate wash treatments

and the absence of citrate ion was tested in the
final wash by treating it with lead nitrate solution.

However, this method gave no indication of the

minimum amount of wash water required to

remove excess acid. Information on the minimum

amount of water to effectively remove non-reacted

CA would help conserve water upon process scale-

up and reduce the amount and cost of energy

required to concentrate the CA-containing wash
water in an evaporator.

Both the amount and percentage of CA recov-

ered at two different hull:water ratios and three

different wash temperatures using the agitation

wash method are given in Table 1. The first wash

appeared to be the most critical for removal of

excess CA. Between 84 and 92% of the total acid

extracted after five wash cycles could be recovered
from the first wash. Removal of CA after two

washes ranged from 93 to 97% of the total acid

extracted. After three washes, the percent CA

recovered increased from 95 to 99% of the total

acid extracted after five wash cycles. The influence

of both the hull:water ratio and wash temperature

on the recoveries after any of the wash steps

appeared to be small. Recoveries ranged from
51.7 to 59.6% of the total amount of original CA

added to the hulls, and did not seem to be

dependent upon temperature or ratio of hulls to

wash water.

Ideally, all of the non-reacted CA should be

removed from the modified hulls in order to

maximize acid recovery and minimize the cost of

CA in the modification process, especially if the
acid can be reused or recycled. However, to

achieve this result, repeated washing of the hulls,

perhaps as many a five wash cycles, may be

necessary and would be very time consuming

from a process perspective. From a practical

standpoint, such as occurring in a manufacturing
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facility, only one washing would be the best path

to follow. Under these conditions, throughput

time would be minimal and maximum process

throughput could be achieved.

3.2. Effect of non-reacted CA removal on copper

ion adsorption

In order to decide how many hull washes were

sufficient using the agitation wash method, one
should monitor changes in metal ion adsorption

with each wash cycle and determine whether

changes occur in the ability of the different

samples to bind the metal ion. The effect of wash

cycle on copper ion adsorption is presented in

Table 2. With the exception of one hull:water ratio

(1:20 at 60 8C), a significantly greater amount of

copper ion was removed using modified hulls

exposed to two wash cycles than to modified hulls

exposed to only one wash cycle. Under four of the

six experimental conditions, copper ion adsorption

was not improved by subjecting the modified hulls

to more than two wash cycles. Only under condi-

tions of a 25 8C wash at a hull:water ratio of 1:20

and a 60 8C wash at a hull:water ratio of 1:40 were

more than two wash cycles required to optimize

copper ion adsorption. With two wash cycles, 93�/

97% of the excess CA had been removed (Table 1).

Also, after two wash cycles, the variability of

copper ion adsorption is such that there appears to

be little difference among modified hulls washed at

different wash temperatures and between modified

hulls washed at two distinct hull:water ratios

except for the two conditions noted above. Given

Table 1

Total amount of excess CA recovered and percent CA recovered after five wash cycles at two hull:water ratios and three different wash

temperatures using the agitation wash method

Wash cycle CA recovered (g) at 25 8C CA recovered (g) at 40 8C CA recovered (g) at 60 8C

Hull:water ratio 1:20 1:40 1:20 1:40 1:20 1:40

1 40.2 (92)a 41.6 (91) 37.7 (84) 41.0 (90) 35.3 (89) 40.1 (89)

2 1.6 (95) 2.4 (96) 6.0 (97) 2.7 (96) 2.7 (96) 2.0 (93)

3 1.3 (98) 0.9 (98) 0.8 (99) 0.9 (98) 0.9 (98) 1.0 (95)

4 0.4 (99) 0.3 (99) 0.1 (99) 0.6 (99) 0.6 (99) 1.4 (98)

5 0.3 (100) 0.6 (100) 0.5 (100) 0.2 (100) 0.2 (100) 0.7 (100)

Total recovered (g) 43.8 45.8 45.1 45.4 39.7 45.2

Recovery (%) 57.0 59.6 58.7 59.1 51.7 58.8

Values in the table represent a single experiment at each wash temperature and hull:water ratio.
a Values in parentheses represent the percent of CA recovered at each wash cycle based on a cumulative value and compared to the

total CA recovered.

Table 2

Copper ion adsorption of CA-modified soybean hulls washed at three different temperatures and two different water:hull ratios using

the agitation wash method

Wash cycle 25 8C Wash 40 8C Wash 60 8C Wash

Hull:water ratio 1:20 1:40 1:20 1:40 1:20 1:40

1 1.579/0.00 e 1.709/0.03 d 1.789/0.01 b 1.789/0.01 d 1.749/0.02 a 1.579/0.01 e

2 1.779/0.01 c 1.829/0.01 b 1.859/0.01 a 1.889/0.00 b 1.899/0.03 a 1.679/0.02 d

3 1.809/0.00 b 1.779/0.03 c 1.789/0.02 d 1.889/0.01 b 1.859/0.01 a 1.879/0.06 c

4 1.909/0.01 a 1.769/0.02 c 1.789/0.00 c 1.889/0.01 c 1.829/0.00 a 1.889/0.01 b

5 1.779/0.03 d 1.849/0.00 a 1.849/0.00 a 1.899/0.01 a 1.899/0.04 a 1.909/0.01 a

Mean9/S.E.M. of duplicate determinations. Adsorption values given as millimoles of Cu2� adsorbed/g dry weight of modified hulls.

Tukey’s multiple comparison test was used to compare means within a treatment with a�/0.05. Samples with the same letters are not

significantly different from each other.
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the higher costs incurred to the manufacturer by
heating wash water above 25 8C, the 25 8C wash at

a hull:water ratio of 1:40 is a more practical choice

for the conditions that require only two wash

cycles.

One must keep in mind that non-reacted CA

remaining on the hulls will reduce metal ion

adsorption. In batch assays, as conducted for

Table 2, non-reacted CA will leach from the
modified hulls and sequester or chelate metal

ions in solution. The sequestered metal ions would

be unavailable for binding with the CA attached to

the hulls. Therefore, the solution presented for

analysis would contain both chelated and non-

chelated metal ions and the metal ion concentra-

tion in solution would be greater than a solution

with only non-chelated metal ion.
Based on the results presented in Table 2,

removal of 93�/97% of the excess CA should result

in a product with good copper ion binding

characteristics without resorting to more than

two wash treatments.

3.3. Copper ion adsorption using recycled CA

Solutions of 0.6 M CA containing unused acid

and both recycled and unused acid were used to

modify unwashed soybean hulls. After modifica-

tion, the hulls were evaluated for copper ion

adsorption and the results presented in Table 3.

The results indicate that the sample modified with

only unused CA had the highest copper ion

adsorption. Successive use of recycled CA, in

combination with unused acid, resulted in lower

copper ion binding values until a third recycle was

attempted. An increase was seen in adsorption

after the second cycle of using both reused and

unused acid. We have no explanation for this

result at this time. Overall, only a 10% reduction in

copper ion adsorption was observed between the

highest and lowest adsorption values. Copper ion

adsorption differences between the initial treat-

ment and the third recycle was shown to be

insignificant. An average recovery of 53% was

observed.

4. Conclusions

A wash method, designated the ‘agitation wash

method’ was defined for removing non-reacted CA

from soybean hulls after modification. Process

variables, such as hull:water ratio, wash water

temperature and number of washes were optimized

for the effective removal of non-reacted CA. The

process resulted in a high quality product with

optimal activity towards metal ions. The wash

procedure is important for future scale-up to help

determine quantities of water required, to calculate

wash tank and evaporator size and cost, and to

estimate throughput time.
A study on the optimization and estimated

production cost of CA-modified soybean hulls

(Marshall et al., 2001b) assumed that non-reacted

CA could be reused and combined with unused

acid to modify additional batches of hulls with

little, if any, loss of metal ion binding in the final

product. However, no data was shown to back up

this assumption. The present study indicates that,

at least for a limited number of exposures (three)

to both unused and reused acid, this assumption is

valid. This information also has future scale-up

considerations. We determined that about 55% of

the original CA was non-reactive and could be

removed by water washing. Because this acid can

be reused, significant cost savings can be achieved

by recycling acid rather than using unused acid for

each batch of soybean hulls.

Table 3

Effect of recycling CA on copper ion adsorption of CA-

modified soybean hulls

Treatment Copper ion adsorption

(mmol/g hulls)

Initial (unused acid only) 1.759/0.01 a

First recycle 1.689/0.01 a

Second recycle 1.579/0.02 b

Third recycle 1.639/0.01 a

Mean9/S.E.M. of duplicate determinations. Values deter-

mined on a dry weight basis. Dunnett’s procedure was used to

determine significance between the three recycle samples and

initial (control) sample at a�/0.05. Treatments with the same

letters are not significantly different from the control.
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5. Disclaimer

Mention of names of companies or commercial

products is solely for the purpose of providing

specific information and does not imply recom-

mendation or endorsement by the US Department

of Agriculture over others not mentioned.
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